Mucopolysaccharidosis (MPS) Signal transducer and activator of transcription (STAT) Fibroblast growth factor receptor (FGFR) Glycosaminoglycan (GAG) Growth plate Dysostosis multiplex a b s t r a c t Mucopolysaccharidosis VII (MPS VII) is a lysosomal storage disease in which deficiency in b-glucuronidase results in glycosaminoglycan (GAG) accumulation in and around cells, causing shortened long bones through mechanisms that remain largely unclear. We demonstrate here that MPS VII mice accumulate massive amounts of the GAG chondroitin-4-sulfate (C4S) in their growth plates, the cartilaginous region near the ends of long bones responsible for growth. MPS VII mice also have only 60% of the normal number of chondrocytes in the growth plate and 55% of normal chondrocyte proliferation at 3 weeks of age. We hypothesized that this reduction in proliferation was due to C4S-mediated overactivation of fibroblast growth factor receptor 3 (FGFR3). However, MPS VII mice that were FGFR3-deficient still had shortened bones, suggesting that FGFR3 is not required for the bone defect. Further study revealed that MPS VII growth plates had reduced tyrosine phosphorylation of STAT3, a pro-proliferative transcription factor. This was accompanied by a decrease in expression of leukemia inhibitory factor (LIF) and other interleukin 6 family cytokines, and a reduction in phosphorylated tyrosine kinase 2 (TYK2), Janus kinase 1 (JAK1), and JAK2, known activators of STAT3 phosphorylation. Intriguingly, loss of function mutations in LIF and its receptor leads to shortened bones. This suggests that accumulation of C4S in the growth plate leads to reduced expression of LIF and reduced STAT3 tyrosine phosphorylation, which results in reduced chondrocyte proliferation and ultimately shortened bones.
Introduction
The mucopolysaccharidoses (MPS) are a family of lysosomal storage diseases that result from the deficiency of enzymes that degrade glycosaminoglycans (GAGs) [1] and occur in 1 in 25,000 live births [2] . GAGs accumulate in the lysosome, leading to dysfunction in a variety of cell types and organs through mechanisms that generally remain unclear. Symptoms of MPS vary according to the specific disease, but can include hepatosplenomegaly, corneal clouding, growth and mental retardation, cardiac defects, and bone malformations collectively known as dysostosis multiplex [1] .
Dysostosis multiplex can involve short bones, thick bones, and bones with abnormal shape. The severity and characteristics of dysostosis multiplex vary both by species and by disease, which likely reflects the type or location of GAGs that accumulate. Bones are severely shortened in mice and dogs with MPS VII [3] [4] [5] [6] , in which animals accumulate chondroitin-4-sulfate (C4S), chondroitin-6-sulfate (C6S), heparan sulfate (HS), and dermatan sulfate (DS) due to deficiency of b-glucuronidase (GUSB; EC 3.2.1.31). Bones are also severely shortened in MPS VI [7] , which is due to N-acetylgalactosamine 4-sulfatase (EC 3.1.6.12) deficiency, an enzyme that contributes to the degradation of C4S and DS. Bone disease is mild in MPS I mice and dogs [6, [8] [9] [10] and in MPS II mice [11] that accumulate HS and DS due to deficiency of a-L-iduronidase (IDUA, EC 3.2.1.76) and iduronate-2-sulfatase (EC 3.1.6.13), respectively. No bone defects have been reported in mice with MPS IIIA [12] or IIIB [13] , which accumulate HS. The mildness of bone disease in mice with MPS IVA [14] contrasts with the severity of bone disease in humans with MPS IV [1] , which may reflect the fact that mice synthesize much less C6S than humans [14] . Thus, of the available MPS mouse models, only those that are deficient in enzymes contributing to the degradation of C4S have markedly shortened long bones. Intriguingly, C4S is the major GAG in the growth plate [15] , the cartilaginous region near the ends of long bones where longitudinal bone growth takes place via the process of endochondral ossification, suggesting a mechanistic link between C4S and MPS bone shortening.
Endochondral ossification is controlled by many different pathways, a large number of which are regulated by GAGs. These include the fibroblast growth factors (FGFs), bone morphogenetic proteins (BMPs), transforming growth factor-b (TGFb), and the wingless-type (Wnt) signaling pathway [16] . FGFs are attractive candidates for involvement in MPS VII bone shortening because GAGs mediate the interaction of FGFs with their receptors [17] . Furthermore, constitutive activation of FGFR3 causes the most common form of human dwarfism, achondroplasia [18] , and the skeletal phenotype of achondroplasia mouse models [19] is quite similar to that of MPS VII. Indeed, C4S, which is elevated in the MPS syndromes that have the greatest effect on bone length, can activate FGF signaling through some FGFRs [20] .
The goal of this study was to examine the pathogenesis of short bones in MPS mice. MPS VII was used as an MPS model that accumulates C4S and has short bones, while MPS I was used as a model that does not accumulate C4S and has near-normal length bones. The role of FGFR3 in mediating short bones was evaluated by crossing MPS VII mice with FGFR3-deficient mice. In addition, the effect of MPS VII on other signal transduction pathways known to regulate growth plate function was examined.
Materials and methods
All reagents were obtained from Sigma-Aldrich, St. Louis, MO, unless otherwise indicated.
Statistics
Statistics were performed using Sigma Stat 3.1 (Systat Software, Chicago, IL). For comparing two groups, the Student's t test was used. For comparing more than two groups, one-way ANOVA with Tukey all-pairwise post-hoc analysis was used. All errors are reported as standard error of the mean (SEM).
Mice
MPS I mice and FGFR3-deficient mice were from a C57BL/6 background [10] , while MPS VII mice were from a B6.C-H-2 bm1 /ByBir background, a minor C57BL/6 variant [6] . Heterozygous mice from both backgrounds were maintained as controls, as these mice are physiologically normal. Since bone lengths were identical in normal mice from both the MPS I and MPS VII colonies, data from heterozygote normals of both groups were pooled in some experiments and are hereafter referred to as ''normal." Additional mouse and genotyping information can be found in Supplemental methods.
Radiographs
Mice were sacrificed via CO 2 inhalation, and legs, arms, and vertebral columns were excised and excess skin and tissue were removed. Radiographs were taken using a MX-20 Specimen Radiography System (Faxitron, Lincolnshire, IL) at 20 kV for 15 s.
Histology
One day old mice were injected intraperitoneally (IP) with 100 mg bromodeoxyuridine (BRDU)/kg body mass in 100 lL of phosphate buffered saline (PBS; Invitrogen, Carlsbad, CA) 1 h before sacrifice. Three-week-old mice were injected IP with 100 mg BRDU/kg in 200 lL PBS 3 h prior to sacrifice. Tibias were cleaned of excess skin and muscle, fixed overnight in Bouin's fixative, decalcified for 5 days in 10% formic acid, and embedded in paraffin. Six micrometer sections were stained with hematoxylin and eosin (H&E), or processed for BRDU staining using a Zymed BRDU-Staining Kit (Invitrogen) per the manufacturer's instructions, except the trypsin digest for antigen retrieval was reduced to 5 min due to tissue loss with longer incubations.
Immunohistochemistry
GAGs in the growth plate were visualized by using antibodies specific for disaccharides left behind by enzymatic digestion [21] . Tibias from 3-week-old mice were fixed in Bouin's solution and decalcified for 5 days with 10% formic acid, and sections were deparaffinized in xylene, then rehydrated through a gradient of ethanol and PBS. Sections were then incubated for 3 h at 37°C with a GAG digestive enzyme. To detect chondroitin sulfate, the solution contained 0.5 U/ml chondroitinase AC-I (Seikagaku, Tokyo, Japan), 0.5 M Tris-HCl at pH 8.0, and 0.1% bovine serum albumin (BSA, Invitrogen). Other sections were incubated in PBS as controls. Further washes, antibody incubations, and color reactions were done using a Vector M.O.M. Immunodetection Kit (Vector Labs, Burlingame, CA) according to the manufacturer's instructions. Sections digested with a chondroitinase or PBS were incubated with 10 lg/ml DDi-4S 2B6 (detects 4-sulfated disaccharides) antibody (Seikagaku).
Phosphorylation of signaling molecules was visualized using immunohistochemistry on 3-week-old mouse tibias. Tibias were decalcified in 14% EDTA for 2 days without prior fixation and then frozen in OCT embedding medium. Twelve micrometer sections were placed on Snowcoat X-tra slides (Surgipath, Richmond, IL). Frozen slides were warmed to room temperature for 10 min and fixed with fresh 4% paraformaldehyde in PBS for 10 min at 4°C. Sections were washed 3 times with 0.1% Tween-20 in PBS, endogenous peroxidase activity was inhibited with a 20 min incubation in 0.6% hydrogen peroxide in PBS at 4°C, and sections were washed again. Sections were blocked with 10% normal goat serum in PBS for 30 min at room temperature, then incubated overnight at 4°C with the primary antibody at 1:100 dilution in blocking buffer. Rabbit antibodies that recognize phosphorylated forms (designated by ''p" here) from Cell Signaling Technology included antibodies for pSTAT1-ser727 (#9177), pSTAT1-tyr701 (#9167), pSTAT3-ser727 (#9134), pSTAT3-tyr705 (#9131), pSTAT5-tyr694 (#9131), total STAT3 (#9132), pSMAD1-ser463/465 (also recognizes SMAD5 and SMAD8 phosphorylated at homologous residues; #9511), pSMAD2-ser465/467 (#3101), p44/42 MAPKthr202/tyr204 (#9101S), p38 MAPK-thr180/tyr182 (#9211S), pJAK1-tyr1022/1023 (#3331), pJAK2-tyr1007/1008 (#3771S), pTYK2-tyr1054/1055, and antibody #3821, which recognizes the p85 PI3K binding motif (any pYXXM amino acid sequence). Following antibody incubation, sections were washed, incubated in biotinylated anti-rabbit IgG (Vector Labs) at 1:200 dilution in blocking buffer for 30 min at room temperature, processed with a Vectastain ABC Kit (Vector Labs), and developed with 3,3 0 -diaminobenzidine according to the manufacturer's instructions, which results in a brown color. A hamster antibody for total STAT1 (ATO-1D6) was generously provided by Robert Schreiber, and processed using hamsterspecific reagents.
For detection of b-catenin, frozen sections of 3 week tibias were fixed in 10% formalin for 10 min at 4°C, rinsed in PBS, then endogenous peroxidase activity was quenched in 3% hydrogen peroxide in methanol for 15 min. Slides were then washed in PBS, and incubated overnight at 4°C with anti-b-catenin (Santa Cruz Biotechnology) at a 1:250 dilution in 5% normal goat serum diluted in PBS. Sections were washed, then incubated with biotinylated anti-goat IgG (Jackson ImmunoResearch Laboratory, West Grove, PA), after which development was performed as with STATs. Apoptosis was detected using a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay performed on frozen 3 week mouse tibia sections with an in-situ cell death detection kit, POD (Roche Applied Science, Indianapolis, IN; #11684817910) according to the manufacturer's instructions.
Real-time PCR
The proximal 4 mm of 3-week-old mouse tibias (included the articular cartilage, epiphysis, and growth plate) was frozen in liquid nitrogen and pulverized using a mikro-dismembrator (Braun Biotech International, Allentown, PA), after which the RNA was suspended in Trizol (Invitrogen) and purified with an RNeasy Mini kit (Qiagen, Germantown, MD). cDNA was made from 1 lg of RNA using superscript III reverse transcriptase and oligo(dT) (Invitrogen) in a total volume of 20 lL, which was diluted to a final volume of 70 lL after reverse transcription, and real-time PCR was performed using 1 lL of this cDNA in SYBR green master mix (SA Biosciences, Frederick, MD) on a 7500 Fast real-time machine (Applied Biosystems, Foster City, CA), according to the manufacturer's instructions. Primers used and calculations performed are described in Supplemental methods.
RNA in-situ hybridization
RNA in-situ hybridizations were performed on mouse tibias using probes for collagen X (Col X) [22] , collagen II (Col II) [23] , and indian hedgehog (IHH) [24] . Tibias from 3-week-old mice were fixed in 10% formalin overnight, decalcified for 5 days in 10% formic acid, and sectioned in paraffin as above. Probes were 35 S labeled and hybridized as previously described [25] , then slides were placed in emulsion for 5 days. Developed slides were photographed in both bright field and dark field using identical settings for all sections of each probe. The signal seen on the dark field photographs was captured using Photoshop software (Adobe, San Jose, CA) and converted to a false color red, after which it was overlaid on the original bright field image. This allows for simultaneous perception of the signal (which can usually only be seen in a dark field image) and visualization of the tissue itself (better seen in bright field).
Results

Long bone lengths
Radiographs were taken at 3 and 6 weeks to determine the age at which bone defects develop in MPS mice. At 6 weeks, MPS VII bones were severely shortened, as MPS VII femurs, tibia, humeri, lumbar vertebrae, and caudal vertebrae were only 76 ± 0.3%, 76 ± 0.3%, 68 ± 0.6%, 84 ± 2.4%, and 74 ± 2.4% of normal, respectively ( Fig. 1 ; p < 0.01 for all vs. normal). In contrast, although MPS I bones were slightly shortened, there were no statistically significant changes in any MPS I bone length except femurs, which were marginally shortened at 95 ± 1.4% of normal (p < 0.01 vs. normal). At 3 weeks, all measured bones in MPS VII mice were shortened, as femurs, tibias, humeri, lumbar vertebrae, and caudal vertebrae were only 78 ± 1.3%, 81 ± 1.9%, 84 ± 1.6%, 81 ± 3.2%, and 67 ± 2.3% of normal, respectively ( Fig. 1 ; p < 0.01 for all vs. normal). Since few bone abnormalities were seen in MPS I mice at 6 weeks, they were not evaluated at 3 weeks. This demonstrates that bone disease is more severe in MPS VII than MPS I. Since MPS VII bone defects were readily apparent at 3 weeks, yet growth was still occurring, this age was chosen for further study to examine the mechanism of bone shortening.
Characterization of growth plate
One day old tibia sections showed no differences in growth plate morphology between normal, MPS I, and MPS VII mice (data not shown). However, 3-week-old tibias had disorganized growth plates and a marked decrease in the number of cells per column in the proliferating zone of MPS VII mice (12.8 ± 0.9 cells/column) when compared to normal mice (21.6 ± 0.2 cells/column; p < 0.01 for MPS VII vs. normal), while MPS I mice were not significantly different from normal (20.5 ± 0.9 cells/column; Fig. 2A and C). All groups had about 5 cells/column in the hypertrophic zone. Despite the decrease in the number of cells in the proliferating zone for the MPS VII mice, the thickness of the growth plate was about 1.3 mm in all mice, probably due to the increased size and spacing of the chondrocytes caused by GAG storage.
To measure the rates of proliferation in growth plates, tibias were stained for BRDU incorporation into DNA at ages of 1 day and 3 weeks. Staining revealed no differences in proliferation at 1 day of age (data not shown). At 3 weeks, MPS VII mice had rates that were significantly reduced in the proliferating zone when compared to normal mice, while MPS I mice retained relatively normal rates of proliferation ( Fig. 2B and D) . Staining for activated caspase 3, a marker for apoptosis, was not detected in the proliferating zone of either normal or MPS VII growth plates (data not shown). Apoptosis was also evaluated with a TUNEL assay, which showed few positive cells and no significant differences between normal and MPS VII growth plates (Table 1) . Therefore, the reduced , and MPS VII (N = 6) and 3 week normal (N = 6) and MPS VII (N = 7) bones are shown. For 6-week-old mice, data for male and female mice were pooled and were normalized to the average length of the same bone in 6-week-old normal mice, using one-way ANOVA with Tukey post-hoc analysis for statistical comparisons. For 3-week-old mice, all data were from males and the Student's t test was used for statistical comparisons. p values compared to normal are labeled as ÃÃ for p < 0.01, and Ã for p = 0.01-0.05. Error bars indicate SEM, and the dashed line indicates normal. The 2nd lumbar vertebrae and the 8th caudal vertebrae were measured.
number of cells in the proliferating zone of MPS VII mice is probably due to decreased proliferation, which likely contributes to MPS VII bone shortening.
Growth plate GAG accumulation
Immunohistochemistry for a variety of GAGs was performed on the growth plates of tibias at 3 weeks. This experiment makes use of endoglycosidases that digest GAG chains until only a disaccharide remains, creating a double bond on the terminal sugar. Incubation with an antibody that recognizes the modified disaccharide allows visualization of the GAG in the tissue. Staining showed little background with controls whose GAGs were not digested (Supplemental Fig. 1 ). Digestion with chondroitinase AC-I followed by DDi-4S antibody revealed low levels of C4S in normal growth plates, a modest increase in MPS I and a dramatically elevated amount in MPS VII (Fig. 3 ). Chondroitinase B digests followed by Ddi-4S antibody showed a slight elevation in DS accumulation in Table 1 Summary of results of immunohistochemistry on 3-week-old mouse tibias. Proliferation, apoptosis, and signal transduction pathways were evaluated with the antibodies indicated. The bone marrow was positive for all antibodies listed, serving as a convenient internal positive control. Staining was scored in the proliferating zone qualitatively as either À (no staining or trace staining), +/À (light staining), + (moderate staining), or ++ (strong staining), and the results from at least three normal, three MPS I, and three MPS VII animals are shown. NT, not tested. Some staining was also evaluated quantitatively in the proliferating zone, by counting all positive cells and dividing by the total number of cells in the zone for at least five animals from each group and results are given as averages ± SEM with p values obtained using the Student's t test. Fig. 1 ). These results suggest that C4S accumulation in the growth plate is the most likely candidate GAG for involvement in shortened bones in MPS VII.
Role of FGFR3
Due to the similarities in growth plates and bone lengths between achondroplasia and MPS VII, as well as the fact that C4S can activate FGFR2 [20] and FGFR3 [JAM, KPP, unpublished data] in vitro, we hypothesized that MPS VII bone shortening could be due to overactivation of FGFR3, indicating that FGFR3 deficiency might restore MPS VII mouse bones to normal length. We therefore set up breeding between FGFR3-deficient and MPS VII mice (referred to here as MPS VII À/À) in order to obtain double mutants. However, MPS VII À/À FGFR3 À/À mice tibias were not significantly different from MPS VII À/À FGFR3 +/À mice (Fig. 4) . Additionally, MPS VII À/À FGFR3 À/À mouse growth plates were disorganized and had reduced numbers of chondrocytes, resembling MPS VII mouse growth plates (data not shown). These data suggest that FGFR3 is not critical for MPS VII bone shortening.
STAT Immunohistochemistry
STAT1 is anti-proliferative in the growth plate [26] , while STAT3 is pro-proliferative [27, 28] . STAT1 and STAT3 are activated primarily by phosphorylation [29] . Tyrosine phosphorylation is necessary for dimerization and translocation to the nucleus, while serine phosphorylation is necessary for maximal transcription [29] . Therefore, to ascertain whether the activation of either STAT protein was affected in MPS VII growth plates, immunohistochemistry for a variety of STATs phosphorylated at residues critical for their activity was performed on 3-week-old tibia sections. Most stains were performed on frozen sections, as paraffin sections lost immunoreactivity for most antibodies. In all cases, staining of the bone marrow was positive, and was used to confirm that the staining was effective. Immunohistochemistry was also performed using antibodies for total STAT1 and total STAT3, with no significant differences between the normal and MPS VII animals ( Table 1) . Staining for pSTAT5-tyr694 was not detected in the growth plate in either normal or MPS VII mice at this age (Table 1) .
Staining showed a 4-fold increase in the number of cells positive for pSTAT1-ser727 in MPS VII mice as compared to normal mice ( Fig. 5A and Table 1 ). Although morphology was poor in these frozen sections, the pSTAT1-ser727 antibody was effective on paraffin-embedded sections, and the improved morphology confirmed nuclear staining (Supplemental Fig. 2A) . Staining for the pSTAT1-tyr701 antibody was only weakly positive in all mice (Supplemental Fig. 2B and Table 1) .
Staining for the pro-proliferative STAT3 showed that the number of cells positive for pSTAT3-tyr705 was markedly decreased to about 40% of normal in MPS VII growth plates (Fig. 5B and Table  1 ). STAT3 phosphorylated at ser727, on the other hand, was modestly increased in MPS VII mice (Supplemental Fig. 2C and Table 1 ). Staining for each phospho-STAT was also performed on MPS I sections, and was found to be similar to normal mice in each case (Table 1). Based on these data, we hypothesized that either increased activity of the anti-proliferative STAT1 or decreased activity of the pro-proliferative STAT3 could be responsible for the growth plate proliferation defect in MPS VII mice.
Immunohistochemistry of STAT kinases
Tyrosine phosphorylation in STATs can be performed by Janus kinases (JAK1 and JAK2) and tyrosine kinase 2 (TYK2) [29] . In order to evaluate these potential regulators of STAT3 phosphorylation at tyrosine705, immunohistochemistry was also performed for these kinases. This revealed a marked reduction in the amount of pTYK2-tyr1054/1055 in MPS VII growth plates as compared to normal (Fig. 5C and Table 1 ). There was also a reduction in the amount of pJAK1-tyr1022/1023 and pJAK2-tyr1007/1008 in the MPS VII growth plate as compared to the normal growth plate (Table 1 , Supplemental Fig. 2D and E) . We also examined the phosphoinositide 3-kinase binding motif (PI3K-bm), a motif common to several tyrosine kinases that are able to bind PI3K upon phosphorylation, including TYK2 [30] , which was also markedly decreased in MPS VII growth plates as compared to normal growth plates (Fig. 5D and Table 1 ).
Real-time PCR for growth plate genes and STAT regulators
Growth plate RNA was evaluated to determine if genes important for chondrocyte development and the STAT pathway were affected by MPS VII. Since it was not practical to purify only the growth plate from mice, real-time reverse transcriptase (RT)-PCR was performed on RNA isolated from the proximal 4 mm of tibia, a region which includes the growth plate ($1 mm), the epiphysis, and the articular cartilage. RNA in-situ hybridizations for select genes were used to confirm that real-time results reflected actual growth plate RNA levels.
Collagen X (Col X) is expressed in hypertrophic chondrocytes and was unchanged in MPS VII mice in real-time RT-PCR (Fig. 6 ) and in in-situ hybridizations (Figs. 7A and 6D) , which is consistent with the fact that the number of hypertrophic chondrocytes was unchanged (Fig. 2C) . Real-time RT-PCR showed that MPS VII growth plates appeared to have a slight, but not significant decrease in the level of collagen II (Col II), which is expressed in chondrocytes in the proliferating zone, to 40.3 ± 18.2% of normal (Fig. 6) , and a similar decrease was seen in the in-situ hybridizations ( Fig. 7B and E) . Indian hedgehog (IHH), which is expressed in early hypertrophic chondrocytes and is involved in regulating chondrocyte proliferation and differentiation [16] , was reduced to 33.8 ± 13.1% of normal (p = 0.025 vs. normal) in real-time RT-PCR (Fig. 6) , and was also reduced in the in-situ hybridizations to a similar extent (Fig. 7C and F) . Thus, real-time PCR results were in good agreement with in-situ hybridization results and suggests that those data accurately reflect growth plate gene expression.
Expression of potential regulators of bone growth are shown in Fig. 6 , several of which are significantly reduced in MPS VII mice. Parathyroid hormone related peptide receptor (PTHrPR), which plays a role in local growth plate regulation, and insulin-like growth factor 1 (IGF1), which is a downstream target of growth hormone in growth plate chondrocytes during post-natal development [16] , had no significant changes in expression in MPS VII growth plates. However, receptor activator for nuclear factor jB ligand (RANKL) and osteoprotegerin (OPG) expression were moderately reduced in MPS VII mice (34.8 ± 7.8%, and 31.4 ± 8.8% of normal, respectively; p < 0.05 for both). RANKL and OPG are involved in regulation of osteoclasts [31] . Matrix metallopeptidase 13 (MMP13, also known as collagenase 3), which is expressed at the chondro-osseous junctions of the secondary center of ossification and the growth plate [32] , was markedly reduced in MPS VII mice (18.1 ± 3.3% of normal, p = 0.001). MMP3, which is a protease upregulated in MPS I aortas [33] , was increased to 462 ± 96.2% of normal (p = 0.008), while cathepsin S (CathS), another protease that is upregulated in MPS I aorta, was slightly, but not significantly elevated at 1.8-fold normal.
The activity of tyrosine kinases that phosphorylate STATs can be induced by several cytokines. Members of the interleukin 6 (IL6) family, such as IL6, oncostatin M (OSM), and leukemia inhibitory factor (LIF) are canonical stimulators of STAT3 phosphorylation, while interferon c (IFNc) and interleukin 1b (IL1b) classically stimulate STAT1. STAT phosphorylation can be inhibited by numerous phosphatases, such as SH-domain containing phosphatase 1 (SHP1) and SHP2, and protein tyrosine phosphatase-receptor type C (PTPRC). STAT activity can also be repressed by suppressor of cytokine signaling 1 (SOCS1), SOCS2, and SOCS3, and protein inhibitor of activated STAT1 (PIAS1) and PIAS3 [29] . Interestingly, the SOCS family members participate in a negative feedback loop and are upregulated in response to increased STAT3, LIF, or IL6 [34, 35] .
Several IL6 family members were markedly downregulated in MPS VII tibias, including LIF (19.2 ± 3.7% of normal, p = 0.035), OSM (9.3 ± 3.4% of normal, p = 0.027), cardiotrophin 1 (CTF1; 43.4 ± 7.1% of normal, p = 0.017), and cardiotrophin-like cytokine factor 1 (CLCF1; 16.3 ± 4.2% of normal, p = 0.005), while IL6, IL11, and ciliary neurotrophic factor (CNTF) were not significantly changed (Fig. 6) . In MPS VII mice, IFNc and IL1b, which induce STAT1 tyrosine phosphorylation, were reduced to 32.8 ± 7.5% of normal (p = 0.016) and 27.2 ± 7.5% of normal (p = 0.011), respectively, while several proteins involved in the tumor necrosis factor a (TNFa) pathway were also modestly reduced, including tumor necrosis factor ligand superfamily member 10 (TNFSF10; 41.7 ± 10.4% normal, p = 0.001), and tumor necrosis factor recep- Fig. 6 . Evaluation of growth plate RNA from MPS VII and normal mice at 3 weeks of age. RNA was extracted from the head of the tibia, real-time reverse-transcription PCR was performed, and transcript expression was normalized to b actin. Results are given here as a percentage of normal expression, while relative abundance of each gene is listed in Supplemental methods. ** p < 0.01, * p = 0.01-0.05 using Student's t test. Error bars indicate SEM. N = 7 or more animals for each group. Genes tested are as follows: collagen X (Col X), collagen II (Col II), indian hedgehog (IHH), parathyroid hormone related peptide receptor (PTHrPR), insulin-like growth factor 1 (IGF1), receptor activator for nuclear factor jB ligand (RANKL), osteoprotegerin (OPG), cathepsin S (CathS), matrix metallopeptidase 3 (MMP3), matrix metallopeptidase 13 (MMP13), leukemia inhibitory factor (LIF), interleukin 6 (IL6), oncostatin M (OSM), interleukin 11 (IL11), ciliary neurotrophic factor (CNTF), cardiotrophin 1 (CTF1), cardiotrophin-like cytokine factor 1 (CLCF1), interferon c (IFNc), interleukin 1b (IL1b), tumor necrosis factor a (TNFa), tumor necrosis factor ligand superfamily member 10 (TNFSF10), tumor necrosis factor receptor-associated factor 6 (TRAF6), SH-domain containing phosphatase 1 (SHP1), SH-domain containing phosphatase 2 (SHP2), protein tyrosine phosphatasereceptor type C (PTPRC), suppressor of cytokine signaling 1 (SOCS1), suppressor of cytokine signaling 2 (SOCS2), suppressor of cytokine signaling 3 (SOCS3), protein inhibitor of activated STAT1 (PIAS1), and protein inhibitor of activated STAT3 (PIAS3). Fig. 7 . In-situ hybridization for Col X (A and D), Col II (B and E), and IHH (C and F). Representative photographs chosen from three normal and three MPS VII mice are shown, using identical exposure times for each gene in all samples. Red signal represents areas positive for the RNA of interest. The color was obtained by converting the signal seen in dark field to false color red, followed by overlaying the signal on an identical image in bright field. Growth plate zones are designated as in Fig. 2. tor-associated factor 6 (TRAF6; 38.7 ± 8.8% normal, p = 0.001), although TNFa itself was not significantly reduced (Fig. 6 ). Of the negative regulators of STAT signaling, SHP1, SHP2, and each member of the SOCS family members examined were decreased to between 33% and 46% of normal in MPS VII mice ( Fig. 6 ; p < 0.05 for all), suggesting that the growth plate is responding to a decrease in STAT3 activity but these pathways are probably not responsible for its loss of phosphorylation. These data are consistent with the hypothesis that reduced levels of IL6 family cytokines are responsible for reduced STAT3 tyrosine phosphorylation.
Additional signal transduction pathways
Immunohistochemistry for markers of several other signal transduction pathways were performed as summarized in Table  1 . Staining for b-catenin (downstream of Wnt) and pSMAD2 (downstream of TGFb) was very low in the growth plate for both normal and MPS VII mice. Staining for pSMAD1,5,8 (downstream of BMP) was strong in growth plates from both normal and MPS VII, and there was no perceivable differences in the two. MPS I growth plates were also stained with both phospho-SMAD antibodies, but were not different from either normal or MPS VII growth plates.
Discussion
Progression of bone defects
The goal of this study was to understand the pathogenesis of short bones in MPS VII. Three weeks was chosen as the time point for our investigations, as bones were clearly abnormal in MPS VII mice at that age, with tibias at only 81% of normal length (Fig. 1) . However, growth is still actively occurring, as bones were only about 85% of their adult length, making this age ideal for these studies.
MPS VII growth plates have reduced proliferation
MPS VII growth plates had a marked decrease in the number of cells in the proliferating zone of the growth plate to 60% of normal, which appears to be due to reduced chondrocyte proliferation to 55% of normal (Fig. 2) . MPS I growth plates on the other hand, had normal chondrocyte proliferation, which is consistent with their near-normal length bones ( Figs. 1 and 2 ). There appeared to be no increase in apoptosis in MPS VII growth plates as assessed by staining for activated caspase 3 and TUNEL assay (data not shown; Table 1 ). These results suggest that MPS VII bone shortening is due to decreased growth plate chondrocyte proliferation, and that fewer chondrocytes in the growth plate results in less ossification and shorter bones.
Importance of C4S accumulation to bone shortening
Immunohistochemistry showed that C4S accumulated at very high levels in MPS VII growth plates as compared to normal, but was only slightly elevated in MPS I (Fig. 3) , and that other GAGs were present at relatively low levels (Supplemental Fig. 1 ). There was a significant amount of staining for C4S in the extracellular matrix directly surrounding individual cells, making C4S ideally positioned to influence the activity of a cell membrane receptor that could affect bone growth. Indeed, comparisons of the available mouse models of MPS (see Introduction) reveals that only the two that are the result of deficiency in enzymes that contribute to degradation of C4S, MPS VI [7] and MPS VII [3] [4] [5] , have severely shortened bones. This suggests that C4S could be important mechanistically in MPS bone shortening. Furthermore, deletion of the chondroitin-4-sulfotransferase 1 gene, which encodes an enzyme that adds the sulfate group to the 4-O-position of chondroitin, results in increased proliferation in growth plate chondrocytes [36] , suggesting that accumulation of C4S may reduce chondrocyte proliferation.
FGFR3 and other signal transduction pathways
Deficiency of FGFR3 did not prevent short bones in MPS VII mice (Fig. 4) , strongly suggesting that FGFR3 does not mediate MPS VII bone disease. Immunohistochemistry for pSMAD2, pSMAD1,5,8, and b-catenin were all unchanged between normal and MPS VII sections ( Table 1 ), suggesting that the TGFb, BMP, and Wnt pathways, respectively, are also probably not key mediators of MPS VII bone shortening.
STAT phosphorylation
STATs are a group of transcription factors that are selectively activated by numerous cytokines (such as the IL6 family) and by growth factors (such as FGF). STATs are of particular interest in MPS, as recent data indicates that aortic disease in MPS may be mediated through STATs [33] . STAT1 is thought to have an antiproliferative effect on growth plate chondrocytes [26] , while STAT3 is believed to be pro-proliferative in the growth plate [27, 28] . STAT activity is largely controlled by serine and tyrosine phosphorylation. Tyrosine phosphorylation is performed by a number of kinases, including TYK2, JAK1, and JAK2 [29, 37] , which in turn can be activated by cytokines such as LIF and other IL6 family members [38, 39, 44] . LIF is constitutively expressed in growth plate chondrocytes [40] and osteoblasts [41] , but is expressed at a low level in articular cartilage [42] and in bone marrow [43] . LIF is a member of the IL6 family of cytokines, which also includes IL6, IL11, OSM, CNTF, CTF1, and CLCF1. All IL6 family cytokines signal through a receptor complex containing glycoprotein 130 (gp130) associated with another receptor [44] . In the case of LIF, this complex is a heterodimer of gp130 and LIF receptor b (LIFRb) [44] . This complex can directly phosphorylate STAT3 at tyrosine705, in addition to activating JAK1, JAK2, and TYK2 [39, 44] . Mutations in the gp130 domain responsible for STAT3 phosphorylation [27] and loss of function mutations in LIFRb [45] both result in shortened bones in mice, while LIF-deficiency results in retarded post-natal growth [46] . However, deficiency of IL6 and/or the IL11 receptor does not affect bone length [47] , and deficiency of CNTF, CTF1, OSM, or the OSM receptor does not result in any overt bone abnormalities ( [48] [49] [50] [51] ; personal correspondence: Hans Thoenen, Max Planck Institute of Neurobiology, Martinsried, Germany; Klaus Unsicker, University of Heidelberg, Heidelberg, Germany; Atsushi Miyajima, University of Tokyo, Tokyo, Japan). These genetic data strongly suggest that LIF is the most likely IL6 family member to promote bone elongation through STAT3 signaling.
In MPS VII growth plates, the pro-proliferative STAT3 has markedly reduced phosphorylation at tyrosine705 as compared to normal ( Fig. 5B and Table 1 ). Kinases that perform this phosphorylation also had reduced phosphorylation in MPS VII growth plates, including pTYK2-tyr1054/1055 (Fig. 5C ), pJAK1-tyr1022/1023, and pJAK2-tyr1007/1008 (Supplemental Fig. 2) , while immunohistochemistry for the PI3K binding motif present in these and other kinases was also reduced in MPS VII growth plates (Fig. 5D ). These changes in kinase and STAT3 phosphorylation may be due to a reduction in the RNA expression of LIF, OSM, and several other IL6 family cytokines in MPS VII samples (Fig. 6) . The reduction of LIF RNA was likely due to reduced expression in the growth plate, as LIF is expressed in the hypertrophic zone but not in bone marrow [43] , although attempts to localize LIF in tibia sections using immunohistochemistry were unsuccessful. Expression of IHH, which is important for growth plate proliferation and differentiation and for bone elongation, is reduced in LIF-deficient mice, but is increased when LIF is injected [52] . Thus, the reduction in IHH expression in MPS VII growth plates (Fig. 6 ) may be due to the reduction in LIF expression. In addition, RANKL and OPG expression is stimulated by LIF [53] , which is consistent with the fact that both genes have reduced expression in MPS VII growth plates (Fig. 6) . Although STAT3 tyrosine phosphorylation and/or transcriptional activity can also be negatively regulated by phosphatases [54] , SOCS [34] , and PIAS3 [29] , real-time RT-PCR showed that these genes were either unchanged or downregulated in MPS VII tibias (Fig. 6) , suggesting that they are responding to a decrease in STAT3 activity as part of a feedback loop, rather than actually causing that decrease. We propose that reduced tyrosine701 phosphorylation of STAT3 is caused by a reduction in expression of LIF and related family members and may be responsible for reduced proliferation of chondrocytes in the proliferating zone, contributing to shortened bones in MPS VII mice.
STAT1 is an anti-proliferative transcription factor. STAT1 phosphorylation at serine 727 was strikingly increased in MPS VII growth plates as compared to normal (Fig. 5A) . Although classically STAT1 is thought to require phosphorylation of tyrosine701 for nuclear translocation and transcriptional activity, STAT1 that is phosphorylated at serine 727 in the absence of tyrosine phosphorylation retains some DNA binding and transcriptional activity [55] . Staining for pSTAT1-tyr701 was weak in the growth plates of both normal and MPS VII mice, but STAT1 that was phosphorylated at serine 727 was clearly nuclear (Supplemental Fig. 2A ). It has been proposed that GAG accumulation in MPS activates toll-like receptor 4 [56] , which stimulates serine phosphorylation of STAT1 [57] , and STAT1 is also important in mediating achondroplastic dwarfism in FGFR3 overactivating mutations [19] . These data suggest that increased phosphorylation of STAT1 at serine 727 might also play a role in MPS VII bone shortening by reducing chondrocyte proliferation in the growth plate.
Conclusion
The results of this study suggest that accumulation of C4S in MPS VII growth plates results in a reduction of chondrocyte proliferation and cell number in the growth plate, and is likely responsible for the shortened long bones. This was associated with reduced levels of tyrosine-phosphorylated STAT3, which may reflect the reduced phosphorylation of TYK2, JAK1, and JAK2 in MPS VII growth plates. RNA expression of LIF, which activates STAT3 and other members of the JAK/STAT pathway and is necessary for bone elongation, was reduced to 19% of normal in the growth plate of the MPS VII mice. We propose that reduction in expression of LIF is responsible for reduced activation of STAT3, leading to reduced proliferation and shortened bones, although increased serine phosphorylation of STAT1 and other mechanisms are feasible. It remains unclear as to what mechanism is responsible for reduced levels of LIF in the growth plate, which is currently being investigated.
